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(54) Anesthesia delivery system 

(57) A method and system for rapid control of set 
inspired gas concentration is disclosed for operating a 
medical anesthesia delivery system (10) and for control- 
ling the flow and concentration of gases and anesthesia 
vapor delivered to a patient. Control of the inspired gas 
and agent concentration is accomplished by operating 
in different control priority modes. In a flow priority con- 
trol mode, the user may set, either directly or indirectly, 
the total fresh gas flow rate. The total fresh gas flow rate 
can then be slowly varied by the control algorithm, while 
the vaporizer concentration is actively controlled to 
achieve the user set inspired gas concentration. The 
invention includes a process for switching from the flow 
priority control mode into a concentration priority mode 



for low flow rates. By throttling the flow, the patient will 
receive nearly an instantaneous change in the amount 
of agent and fresh gas without having the transport 
delay associated with a change in the agent concentra- 
tion. Sensors (42) are used to monitor agent concentra- 
tion and minute volume, and a processor (20) is 
programmed to estimate the concentration of the agent 
in the pipeline to select the control priority mode, and 
control the agent vaporizer and the fresh gas flow con- 
troller to selectively switch between control priority 
modes and operate extremely efficiently while in the 
concentration priority mode by changing the flow rate 
instead of the agent concentration. 
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Description 

[0001] The present invention relates generally to medical anesthesia delivery machines, and more particularly, to a 
method and apparatus to provide rapid control of set inspired gas concentration in circular type anesthesia breathing 
5 circuits for providing breathing gases and anesthesia to a patient. 

[0002] Fundamentally, medical anesthesia delivery systems regulate the flow and mixture of breathing gases inspired 
and expired by a patient undergoing treatment. Inspired breathing gases typically consist of a mixture of oxygen, nitrous 
oxide, air and other gases. Anesthesia is administered by clinicians, who command the anesthesia delivery system to 
control gas and anesthetic concentrations throughout the three phases of patient anesthesia -induction, maintenance 
io and emergence. Each of these phases is characterized by different demands placed on the anesthesia delivery control 
system. For example, during induction, it is important that high fresh gas flow be supplied to the breathing circuit in 
order to provide a quick increase in the concentration of breathing gas and anesthesia agent required. At induction, 
patient uptake of nitrous oxide and volatile anesthesia agent is very high and precise control of the gas flow during this 
phase is relatively unimportant On the other hand, during the maintenance and emergence phases, control of the fresh 
75 gas flow is more critical. In some practices, prior to emergence from anesthesia, flow of the anesthetic agent is discon- 
tinued, and minimal fresh gas flow is introduced into the breathing circuit to gradually recover the patient from anesthe- 
sia. After surgery is completed, fresh gas flows are increased to rapidly reduce the anesthetic agent concentration in 
the inspired mixture and to facilitate a "washout 1 * of anesthetic agent from the patient's bloodstream. Accurate and 
dependable control of the concentration and flow of gas and anesthetic vapor is thus critical to the function of the 
20 anesthesia delivery system and to the safety of the patient undergoing anesthesia. 

[0003] A typical anesthesia machine mixes the gases which constitute the fresh breathing gas mixture according to 
operator settings or instructions from a control system. Fresh breathing gas is then conveyed through a vaporizing unit 
which provides anesthetic vapor to the fresh gas. Fresh gas then enters a breathing circuit which circulates inspired 
gases to the patient through an inspiratory conduit. Expired gases are conveyed away from the patient via an expiratory 
25 conduit. A re-breathing conduit is typically provided to route expired gases from the expiratory conduit back to the inspir- 
atory conduit and is provided with a carbon dioxide absorber for removing carbon dioxide from the re-breathed gas. A 
ventilator assembly is provided in communication with the breathing circuit as a reservoir for breathing gases and to 
provide the pressure force for ventilator-assisted inspiration and expiration in lieu of spontaneous breathing by the 
patient or manual bagging by the clinician. A pop-off valve is typically provided in conjunction with the ventilator to per- 
30 mit release of excess gas from the breathing circuit 

[0004] The advantages of low or minimal fresh gas flow rates into the breathing circuit have long been recognized. 
Minimal or low fresh gas flow offers the advantages of more efficient management and conservation of fresh gas and 
anesthetic agent, as well as patient-generated heat and humidity in the breathing gas. Additionally, the effects of leaks 
and changes in patient uptake are more pronounced, and thus more detectable, in low flow delivery schemes. This per- 
35 mits more careful monitoring of the therapy provided to the patient. Minimal or low fresh gas flow delivery schemes, 
however, have heretofore presented a number of problems which have resulted in reduced operator confidence. 
[0005] The response time for low flow systems to reach steady state after a disturbance or change in user-set con- 
centrations varies inversely with the flow rate of fresh gas, that is, changes occur faster with higher flow rates. Thus, a 
major problem with low or minimal flow delivery schemes, particularly in closed-circuit delivery methods, is that system 
40 response to changes in user-set gas and vapor concentrations is unsatisfactory. Low flow delivery schemes have been 
consequently less robust, more susceptible to instability, and more sensitive to disturbances, such as leaks and 
changes in patient uptake, than higher flow delivery schemes. As a result, clinicians who are accustomed to manually 
adjusting fresh gas flows according to their own judgment to compensate for or negate the effects of leakage have low 
confidence in the safety of low or minimal flow systems. Such systems do not allow for adequate clinician control of the 
45 fresh gas flow to the breathing circuit. 

[0006] There have been attempts to reduce fresh gas flows by operating the breathing circuit in dosed circuit fashion 
whereby fresh gas is added to the breathing circuit at the rate at which it is consumed by the patient. Closed-circuit 
delivery schemes require very precise measurement of the gas volumes in the breathing circuit in order to maintain 
adequate control thereon. This is a consequence of the fact that the volume of fresh gas that may be used to replenish 
so the breathing circuit, and thus adjust the gas volumes, is limited to the volume lost from the breathing circuit due to 
patient uptake and, often, leakage. Control techniques for closed-circuit delivery schemes are extremely sensitive to 
loss in circuit gases through leaks or changes in patient gas exchange. This increases the safety risks associated with 
the replenishment of the circuit gas volume and maintenance of the ventilatory tidal volume. 
[0007] Attempts to address the slow response times of closed-circuit delivery systems have done so primarily at the 
55 expense of inefficient management of fresh gas flow. An example of such a prior art device uses a control system which 
enables closed-circuit anesthesia delivery systems to quickly respond to changes in user set points. Feedback loops 
are utilized to control the concentrations of oxygen, carbon dioxide and anesthetic agent concentrations in the breathing 
circuit based on sensed values. These normally closed control loops may be opened and fresh gas flow increased for 
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a predetermined time in response to a change in the desired user-set concentration for anesthetic agent or gas con- 
centrations. Open-loop high flow operation has the effect of flushing the breathing circuit with fresh gas until the con- 
centration of anesthetic approaches the new desired value. One disadvantage of such devices is that, once the control 
loop is closed and fresh gas flow reduced after the new set point has been reached, the system is sluggish in respond- 

5 ing to and correcting disturbances in the breathing circuit gas concentrations. 

[0008] There is thus desired an anesthesia delivery system that solves the aforementioned problems and permits cli- 
nicians to control the minimum amount of total fresh gas flow into the breathing circuit according to their own judgement 
and the clinical need. This provides increased user confidence in the anesthesia delivery system. 
[0009] There is also desired an anesthesia delivery system control system which permits satisfactory anesthesia 

10 delivery system response during low or minimal flow of fresh gas and which is capable of conserving the amount of 
patient gases exhausted from the breathing circuit. 

[001 0] Therefore, it would be desirable to have an anesthesia delivery system control that can provide automatic con- 
trol of gas and agent concentrations at low or minimal fresh gas flows and throughout variations in the rate of fresh gas 
flow. It would also be desirable to have an anesthesia delivery system that allows clinicians to set a minimum fresh gas 
is flow to the breathing circuit. It would further be advantageous for an anesthesia delivery system to operate in a number 
of different modes, each based on a parameter priority capable of automatically switching between control priority 
modes based on a target fresh gas flow rate. It would therefore be extremely desirable to have a control for an anesthe- 
sia delivery system capable of performing each of the above described advantages that solves the aforementioned 
problems. 

20 [001 1 ] The present invention provides a method and apparatus for rapid control of set inspired gas concentration for 
operating a medical anesthesia delivery system and for controlling the flow and concentration of breathing gases and 
anesthesia vapor delivered to a patient that overcomes the aforementioned problems. 

[001 2] In accordance with one aspect of the invention, a medical anesthesia delivery system for administering respi- 
ration and anesthesia to a patient is disclosed having a gas supply, including a gas flow controller, to provide fresh 

25 breathing gas, and an anesthetic agent supply, including an agent vaporizer, in fluid communication with the gas supply 
to provide anesthetic agent into the fresh breathing gas. The gas flow controller and the agent vaporizer are each in 
fluid communication with a breathing circuit having a portion comprised substantially of inelastic components such that 
a volume displacement at a supply end will cause rapid volume displacement at a patient end. The supply end of the 
breathing circuit is connected to the gas supply and the anesthetic agent supply to deliver a mixture of fresh breathing 

30 gas and anesthetic agent to a patient at the patient end of the breathing circuit. The system includes at least one sensor 
connected in the breathing circuit to monitor a parameter of the fresh breathing gas and anesthetic agent, preferably 
minute volume and/or agent concentration. The medical anesthesia delivery system of the present invention also 
includes a system control connected to the gas flow controller, the agent vaporizer, the sensor, and a user interrace. 
The system control receives signals from the sensor indicative of the measured parameter of the breathing gas and 

35 anesthetic agent and provides output control signals to the gas flow controller and the agent vaporizer. The user inter- 
face allows the entry of a user desired inspired agent concentration setting, and other relevant parameters. The control 
system has active feedback and feedforward control loops to create control signals capable of rapidly changing fresh 
breathing gas and anesthetic agent mixture flow rate, and therefore change anesthetic agent volume delivered to the 
patient connected to the patient end of the breathing circuit. By creating and sending gain weighted control signals to 

40 the gas flow controller and the agent vaporizer to change flow rate at the supply end of the breathing circuit, the present 
invention can make more efficient use of agent. 

[0013] In accordance with another aspect of the invention, a method of controlling an anesthesia delivery system is 
disclosed having the steps of providing fresh breathing gases from a gas supply into a breathing circuit and providing 
an anesthesia agent into the fresh breathing gases in the breathing circuit for delivery of the fresh breathing gases and 

45 the anesthetic agent as a mixture to the patient. The method also includes sensing at least one parameter of the mixture 
in the breathing circuit and predicting a second parameter of the mixture indicative of a quality of the mixture as the mix- 
ture is about to enter the patient. The method next includes the step of controlling a flow rate of the mixture as the mix- 
ture travels through the breathing circuit to the patient so that the patient receives a desired amount of anesthesia agent 
based primarily on the controlled flow rate. 

so [0014] In accordance with yet another aspect of the invention, a control system is disclosed for use in an anesthesia 
delivery system having a user interface to input desired anesthesia agent parameters into the control system. A sensor 
is located in a delivery system to measure characteristics of the anesthesia agent and breathing gases. A processor is 
connected to the anesthesia delivery system, the user interface, and the sensor. The processor in this system is pro- 
grammed to receive the desired anesthesia agent parameters from the user interface and the measured characteristics 

55 of the anesthesia agent and breathing gases from the sensor and estimate or measure an anesthesia agent concen- 
tration in the anesthesia delivery system. The processor is further programmed to selectively switch operation between 
two operating modes based on measured characteristics of the breathing gas and anesthetic agent. One of the oper- 
ating modes provides control priority to agent concentration by changing a total fresh gas flow rate to achieve a desired 
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inspiratory concentration setting. Another operating mode provides control priority to flow rate by changing agent con- 
centration to achieve the desired inspiratory concentration setting. The control processor is also programmed to pro- 
duce control signals receivable by the anesthesia delivery system in response to the selected operating mode. The 
control signals being deliverable to the anesthesia delivery system to monitor and control flow rate of the anesthesia 
s agent and the breathing gas in the breathing system to adjust the amount of anesthesia agent to a patient while in a 
concentration priority mode. 

[001 5] In accordance with yet another aspect of the invention, a control system for an anesthesia delivery system is 
disclosed having a user interface to input desired anesthesia agent parameters to the control system. A sensor is 
located in a delivery system to measure characteristics of the anesthesia agent and breathing gases. The control sys- 

w tern includes an agent concentration computational module to estimate or measure agent concentrations in a breathing 
circuit to the patient and to estimate or measure the agent concentration in a re-breathing section of the breathing cir- 
cuit. The control system also includes a control priority module section receiving input from the agent concentration 
computational module, the sensor, and the user interface to select one of two priority control modes and sets feedfor- 
ward and feedback control priority gains. During low-f tow allowable conditions, the control system can then deliver rapid 

15 changes in agent volume to the patient by rapidly changing the flow rate, while allowing direct intervention of agent con- 
centration during high flow conditions. 

[0016] In accordance with sill another aspect of the invention, an improved control system for an anesthesia delivery 
system having an agent vaporizer in fluid communication with a gas flow controller connected to one end of the breath- 
ing circuit is disclosed in a system in which the breathing circuit has a re-breathing section to re-circulate at least a por- 

20 tion of an anesthetic agent and fresh gas mixture. The anesthesia delivery system also has sensors to measure minute 
volume and agent concentration in the breathing circuit. The improvement includes a processor control connected to 
receive signals from the sensors and output signals to the agent vaporizer and gas flow controller, wherein the proces- 
sor is programmed to retrieve a fresh gas mixing characteristic behavioral parameter based upon characteristic of a 
particular anesthesia delivery system, and then estimate both anesthetic agent concentration into the breathing circuit 

25 and re-circulated anesthetic agent concentration through the re-breathing section of the breathing circuit The controller 
next determines a flow rate of fresh gas, re-circulated gas, and anesthetic agent through the breathing circuit and 
chooses a priority mode of operation based on the flow rate determination. The processor control next determines con- 
trol priority weighting gains and controls agent vaporiser output and gas flow controller output based on the weighting 
gains determination to maintain low anesthetic agent usage in low-flow conditions by increasing flow rate for rapid anes- 

30 thetic agent volume change to the patient. The processor then adjusts anesthetic agent concentration at the agent 
vaporizer. Thereafter, the processor reduces the flow rate based on a prediction when the higher agent concentration 
will reach the patient through the breathing circuit. 

[001 7] While in the concentration priority mode, the system is extremely efficient in reducing the amount of agent and 
fresh gas by maintaining low flow rates while at the same time providing a way to avoid transport lag and provide nearly 
35 instantaneous response to changes in set inspired gas concentrations thereby reducing the amount of total anesthetic 
agent used. 

[001 8] While in the flow priority control mode, the user may set, either directly or indirectly, the total fresh gas flow rate 
when so desired, such as during induction masked cases, or uncuffed endotracheal tube cases, where high leakage is 
expected and therefore high flow rates are required. 

40 [001 9] The control scheme of the present invention significantly improves the performance of such anesthesia deliv- 
ery systems. This approach to control of the anesthesia delivery system provides consistently rapid response to 
changes in set inspired gas concentrations, saves total anesthetic agent usage, and faithfully tracks the desired gas 
concentration settings. The following detailed description describes the preferred embodiment of the control scheme to 
achieve the priority control modes and the preferred embodiment to seamlessly blend the two control modes in one 

45 operating system. 

[0020] Various other features, objects and advantages of the present invention will be made apparent from the follow- 
ing detailed description and the drawings. 

[0021 ] The drawings illustrate preferred embodiments contemplated for carrying out the invention. 
[0022] In the drawings: 

50 

Fig. 1 is a schematic diagram of the elements of an anesthesia delivery system according to the present invention. 
Fig. 2 is a functional block diagram of a portion of Fig. 1 . 
Fig. 3 is a functional block diagram of a portion of Fig. 2. 
Fig. 4 is a functional block diagram of a portion of Fig. 2. 
55 Fig. 5 is a flow chart of an anesthesia delivery system control according to the present invention. 
Fig. 6 is an expanded flow chart of a portion of Fig. 5. 
Fig. 7 is an expanded flow chart of a portion of Fig. 5. 
Fig. 8 is an expanded flow chart of a portion of Fig. 5. 
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Fig. 9 is an expanded flow chart of a portion of Fig. 5. 

Fig. 10 is a graph showing normalized feedforward and feedback vaporizer control gains in various control priority 
modes. 

Fig. 1 1 is a graph showing normalized feedforward and feedback fresh gas control gains in various control priority 
5 modes. 

[0023] Referring to Fig. 1 , an anesthesia delivery system 10 of a type suitable for practice of the present invention 
includes a fresh gas supply 12 which provides fresh gas to breathing circuit 14. Fresh gas supply 12 includes a source 
of oxygen 0 2 , nitrous oxide N 2 0, air, or other gases as are conventionally used. The fresh gas supply 12 includes a gas 

io flow controller 16 having a gas flow controller therein and receiving the oxygen, nitrous oxide, air, and/or other gases, 
and metering the component gases according to signals received on data bus 1 8 from processor 20. The fresh gas sup- 
ply 1 2 also includes an agent vaporizer 22 which provides anesthetic vapor to the mixed gas from the gas flow controller 
1 6 according to signals on data bus 24 from processor 20. Agent vaporizer 22 is connected to an outlet tube 26 which 
is in fluid communication with outlet tube 28 of gas flow controller 16 via a mixing tee 30 to output the mixed gas and 

75 anesthetic vapor mixture through inlet tube 32 in the breathing circuit 1 4. 

[0024] Breathing Circuit 14 includes an inspiratory section 34, and expiratory section 36, and a re-breathing section 
38. The inspiratory section 34 includes check valve 40, sensors 42, and supply tubing 44. Expiratory section 36 
includes check valve 42, ventilator 46. gas scavenger 48 and expiration tubing 50. The re-breathing section 38 includes 
a carbon dioxide absorber 52 in fluid communication with the inspiratory section 34 and the expiratory section 36 via re- 

20 breathing tubing 54. Gas scavenger 48 may optionally include a pop-off valve (not shown) to remove excess gases 
relieved from the breathing circuit and a pop-off f tow sensor for generating a pop-off signal on line 56 to processor 20. 
Sensors 42 are connected to processor 20 via a data bus 58. 

[0025] Breathing circuit 14 functions to deliver inspiratory gas to a patient 60 through inspiratory section 34 and 
remove expiratory gases from the patient through the expiratory section 36. Fresh gas enters breathing circuit 14 

25 through inlet tube 32 and is conveyed to the patient 60 through the inspiratory section 34. Re-breathed gas is circulated 
through carbon dioxide absorber 52 in the re-breathing section 38 and mixed wish the fresh gas from the inlet tube 32 
prior to being inspired by patient 60. A Y-section 62 is provided to join the inspiratory section 34 and the expiratory sec- 
tion 36 for connection to the patient 60, as is well known. Under normal operating conditions, during inspiration, gas 
flows through inspiratory section 34 in the direction of arrow I with no flow in expiratory section 36. During expiration, 

30 gas flows through the expiratory section 36 in the direction of arrow E with no flow in inspiratory section 34. The inspir- 
atory check valve 40 and the expiratory check valve 42 ensure unidirectional flow in the inspiratory section 36 and the 
expiratory section 34, respectively. 

[0026] Fresh gas is provided from the fresh gas supply 1 2 to the breathing circuit 1 4 as dictated by the control system 
according to the present invention. As shown in the embodiment of Fig. 1 , the control system is further embodied into 

35 processor 20 and is based upon inputs from the sensors 42 on data bus 58 and from user settings as input from the 
user interface 64. The user settings determine desired delivery parameters such as the inspired agent concentration. 
Sensors 42 include a circuit agent sensor for measuring agent concentration and a minute volume sensor for detecting 
minute volume through the inspiratory section 34. Each of the sensors provide signals on data bus 58 to processor 20 
for controlling minute volume and agent concentration to patient 60. as will be described with reference to Figs. 2-1 1 . 

40 [0027] It is noted that the measurement sensor may be located either in the inspiratory section 34. or alternatively, in 
the patient Y-piece 62. if the measurement sensor 42 is located in the Y-piece 62, the sensor must also differentiate 
between the inspired and expired agent concentration measurements. 

[0028] Referring to Fig. 2, a functional block diagram of the processor 20 is shown with a preferred signal flow pattern. 
Before proceeding to a detailed discussion of this control system, an overview of the system design concept will be 

45 described. Control of the inspired gas and agent concentration is accomplished by operating in different control priority 
modes. During a patient induction, where high leakage can be expected, such as in masked cases or uncuffed endotra- 
cheal tube cases, anesthesia delivery systems are optimally operated at high fresh gas flow to overcome the demands 
of gas uptakes and/or replenish large leaks. In these cases, it is preferable that the anesthesia delivery system operate 
in a flow priority control mode. In this mode, the user may set, either directly or indirectly, the total fresh gas flow rate. 

so While operating in this mode, the total fresh gas flow may be varied slowly by the control algorithm of the present inven- 
tion. Conversely, the vaporizer concentration is actively controlled to achieve the user set inspired gas concentration. 
However, in flow priority control mode, downstream responses to changes in vaporizer concentrations at the head, 
under low flow rate conditions, are unacceptable. 

[0029] The present invention overcomes this problem by selectively switching to a concentration priority mode. When 
55 the operating mode provides priority to the agent concentration, the total fresh gas flow rate is actively changed to 
achieve the desired inspired concentration setting, as opposed to changing the vaporizer concentration setting. The 
theory behind the system is based on the well-known fact that in an inelastic vessel, gas volumes are displaced at the 
speed of sound. A change in the gas flow rate at the head of the flow path quickly alters the rate of the displacement of 
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the gas at the end of the flow path. Referring back to Fig. 1 , a change in the gas flow rate at the gas flow controller 16 
will nearly instantly alter the rate of displacement of the gas at the output of inlet tube 32 towards the patient 60. Since 
the agent from the agent vaporizer 22 is carried in the fresh gas flow stream in the inlet tube 32 of the breathing circuit 
1 4, a change in the fresh gas displacement from the gas flow controller 1 6 also changes the rate of agent displaced into 
5 the breathing circuit 14. Furthermore, the change in gas flow rate rapidly affects the inspired agent concentration as 
compared to a change in the vaporizer concentration setting at the agent vaporizer 22. By merely changing the vapor- 
izer concentration setting in the agent vaporizer 22, there is a significant time delay before that change will reach the 
patient 60. This transport delay depends on the fresh gas flow rates and the gas mixing rates in the pipeline, and there- 
fore has been unacceptable. 

jo [0030] In order to achieve desirable control performance in the concentration priority mode, it is necessary that the 
gas and agent mixture entering the inlet tube 32 of the breathing circuit 14 be accurately measured or predicted. In this 
regard, the fresh gas supply 12 can accurately meter the exact amount of gases entering the breathing circuit 14, and 
if the gas and agent compositions entering the inlet tube 32 vary slowing and flow rates are low, acceptable control per- 
formance can readily be achieved. The gas and agent volume error, which can be caused by measurement or precGc- 

15 tion inaccuracies, can then be offset by throttling the fresh gas flow in the gas flow controller 16. In a preferred 
embodiment, to minimize hardware costs and increase system reliability, a system with a slowly changing fresh gas 
composition combined with a prediction of the gas composition in the fresh gas line was found to function desirably. 
[0031 ] Referring again to Fig. 2, central processor 20 is shown in a functional block diagram form with indications for 
signal flow. Processor 20 receives signals from the sensors 42 on data bus 58 and outputs signals to the agent vapor- 

20 izer 22 on data bus 24 and to the gas flow controller 1 6 on data bus 1 8. The internal flow of the signals are diagramed 
to show feedforward control signals 70, feedback control signals 72, gain modifier signals 74, and data signals and 
measurements 76. Four basic modules are required for implementing the flow priority control. These are the user 
defined inspired agent concentration settings 78, minimum fresh gas flow target 80, vaporizer controller 82 and total 
fresh gas flow controller 84. 

25 [0032] The user desired inspired agent concentration setting 78 operates in conjunction with the user interface 64, 
Fig. 1 , to register user desired inspired gas concentration settings. The minimum fresh gas flow target 80, Fig. 2, func- 
tions for controlling oxygen and circuit volume control and provides the gas flow controller 84 with the minimum fresh 
gas flow (fgf) necessary for the other, nonagent, control and circuit needs. The vaporizer controller 82 and the total fresh 
gas flow controller 84 will be further described with reference to Figs. 3 and 4. The user desired inspired agent concen- 

30 tration setting 78 and the minimum fresh gas flow target 80, together with the vaporizer controller 82 in the total fresh 
gas flow controller 84 are capable of operating the agent vaporizer and gas flow controller in the flow priority control. 
[0033] In order to implement the concentration priority control, the following additional agent concentration computa- 
tional modules 85 are required for estimating agent concentrations in the fresh gas line and the return line to achieve 
and support concentration priority control. 

35 [0034] The fresh gas mixing characterization 86, determined a priori, together with the signal outputs 92 from the 
vaporizer controller 82 and the total fresh gas flow controller 84, are used to predict the instantaneous agent concen- 
tration transported through and delivered out the fresh gas pipeline in the fresh gas agent concentration delay estimator 
88. in this manner, system behaviors that affect transport delays and mixing in the fresh gas line at various total fresh 
gas flow rates are captured a priori and are used in the prediction. Such prediction of the concentration output allows 

40 the control algorithm to look ahead and anticipate the quantity of anesthetic agent in the pipeline needed to achieve the 
set inspired concentration. By predicting the gas concentration in the pipeline, transport delays in controlling the anes- 
thetic delivery are virtually eliminated because the system will know the amount of gas and agent that can be immedi- 
ately delivered into the inspiratory section 34 of the breathing circuit 14, Fig. 1 . 

[0035] The amount of gas and agent recirculated from the carbon dioxide absorber 52, can then be estimated in the 
45 recirculated agent concentration estimator 90, Fig. 2. The recirculated agent concentration estimator 90 receives input 
from the fresh gas concentration delay estimator 88, the values of the sensors 42, that include agent concentration and 
minute volume, and the previous value for the total fresh gas flow controller 84. It is noted that the previous value for the 
total fresh gas flow controller signal is not shown schematically in the drawings to the recirculated agent concentration 
estimator 90 because it is assumed to be available to all modules in the system. The derived estimate from estimator 
so 90 is then used in the total fresh gas flow controller 84 to compute the appropriate control value for the gas mixer. The 
recirculated agent concentration estimator is computed as follows: 



55 



6 



EP 0 911 052 A2 



Recirculated_Agent_Conc- (Minute_ 

volume*Measured_insp_conc- 

current_f gf *Fresh_gas_agent_conc_est ) / 

(Minute_Volume-Curxent_fgf ) [1] 



10 [0036] The "Minute.Volume" and "Measured_insp_conc" are the values received from sensors 42, for the minute vol- 
ume and the measured inspiratory agent concentration, respectively. The "Currentjgf is the current fresh gas flow rate 
and the "Fresh_jgas_agent_conc_esf is the estimate from the fresh gas agent concentration delay estimator 88. 
[0037] Fig. 3 shows a detailed view of the vaporizer controller 82 in functional block diagram form. The output on bus 
24 of the vaporizer controller 82 (Vaporizer_conc) commands the delivery of the vaporizer 22, Fig.1 . There are two main 

15 components that contribute to the magnitude of the vaporizer output, a forced component 102 and a free component 
100. The forced component 102 consists of a classical feedback Proportional Integral Derivative controller. The free 
component 100 consists of the output from the feedforward loading and flow reduction computation block 98, together 
with the user desired agent concentration signal 100b. The forced component 102 is a function of the agent concentra- 
tion error while the free component 100 is set to cause the total fresh gas controller feedforward term to decrease the 

20 fresh gas flow. That is, as more agent comes out the fresh gas line, the f taw controller will have to lower the flow to main- 
tain the agent volume delivered. The forced component 102 is from hereinafter referred to as the vaporizer feedback 
component 102 and the free component is from hereinafter referred to as the vaporizer feedforward component 100. 
For a detailed explanation of the free/forced controller concept, reference is made to Advances in Model-Based Predic- 
tive Control by D.W. Clarke, as published by Oxford University Press, 1994. 

25 [0038] Two components then that contribute to the magnitude of the vaporizer output, are the vaporizer feedforward 
100 and the vaporizer feedback 1 02, f^ f e ©dtorwardO and f va p, leedbackO. respectively. The components 1 00 and 102 are 
combined at summer 104 as follows: 



*> Vaporizer conc»f vap( fee dforward 

^.^vap, FF' vap, Feedforward -loading) + 

£ vap, feedback tK vap, FB' F vap, PID' l 2 J 



35 where F vap> Fe edforward-ioading 'S the output from the feedforward loading and gain reduction computation block, and the 
Fvap, pid is a negative feedback control function, each as will be further discuss below. The F vap PiD component 
responds to an agent concentration error and adjusts the vaporizer concentration delivery to minimize the agent con- 
centration error. The agent concentration error is the difference between the outputs of the user desired inspired agent 
concentration to the agent circuit sensor 42 measurement. That is: 

40 

Agent_concentration_error- 

Set_inspired_conc - Measured_insp_conc . [3] 



45 

[0039] A commonly used negative feedback control method is the Proportional- Integral-Derivative control (PID) algo- 
rithm, an example of which is described in Digital Control System Analysis and Design, Charles L. Phillips/H. Troy 
Nagle, Jr., Prentice-Hall, Inc. Page 254, PID Controllers. This negative feedback controlled method is implemented in 

so the feedback vaporizer PID controller 106, Fig. 3. The contributions of the feedforward 100 and the feedback 102 com- 
ponents are governed by the normalized vaporizer control gains K /e?t FF and FB . The gain magnitudes are com- 
puted by the control priority gain modifier computation block 96, Fig. 2, as will be described. In this manner, the delivery 
system modifies the sensitivity of the vaporizer to minimize the agent concentration error. A large K vap _ FF causes the 
vaporizer to act independently from the agent concentration error and a large K vaPi FB causes the vaporizer to react 

55 quickly to a large concentration error. 

[0040] By design of tie flow priority mode, the gas flow controller typically operates at high flow rates. The flow rate is 
fixed or changes slowly as compared to the transport delay through the fresh gas flow path. The vaporizer controller 82, 
Fig. 3, is called upon to quickly minimize the agent concentration error using a negative feedback control of the vapor- 
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izer concentration. As previously described, this is accomplished by setting the gains FF low and K VflPi FB high, as 
demonstrated in Fig. 10, which shows the normalized vaporizer controller gain schedules as will be described later. 
[0041 ] In the concentration priority mode, the dominant contributor to the vaporizer concentration setting is the feed- 
forward component 1 00. The feedback component 1 02 is made insensitive to the agent concentration error. To accom- 
5 plish this effect, the gain modifier block 96, Fig. 2, effectively sets K^p FF large and FQ small. The feedforward 
loading and flow reduction computation block 98, sets the vaporizer delivery concentration, as will be more completely 
described later. 

[0042] Referring to Fig. 4, the output of the total fresh gas flow controller 84 commands The total flow delivery to the 
gas flow controller 18. There are two components that contribute to the computation of the total fresh gas flow, a flow 
10 feedforward component 1 10 and a flow feedback component 1 12 (i.e. f floWi feedforwardO and f floWt feedback 0, respectively). 
The components are combined in summer 1 18 as follows: 



Total_fresh_gas_flow-f fi ? w, feedforward 
IKf low, f eedf orward- loading) + 
f t low, f eedback * K f low,FB' *f low, PID> 



where F fl0Wi Rjedtorward-ioading is the output of the feedforward loading and flow reduction computation block 98, Fig. 2. 

20 F flow pid is a negative feedback control function that operates on the gas flow controller to minimize the agent concen- 
tration error. Again, a commonly used negative feedback control method is the Proportional-lntegral-Derivative algo- 
rithm and is implemented in the feedback flow PID controller 1 1 4. The contributions of the flow feedforward 1 10 and the 
flow feedback 112 components are governed by the normalized total fresh gas flow control gains, K flow FF and FB . 
Trie gain magnitudes are computed by the control priority gain modifier computation block 96, Fig. 2 In this manner, the 

25 delivery system alters the sensitivity of the gas flow controller to minimize the agent concentration error. A large 
FF causes the gas flow controller to act independently of the agent concentration error while a large FB causes the 
gas flow controller to react quickly. 

[0043] By design of the flow priority mode, the dominant contributor to the total fresh gas flow controller 84 is the flow 
feedforward component. The flow feedforward loading and flow reduction computation block 98 sets the F fl0Wf FG edtor- 

30 ward-loading- The F fiow, Feedforward-loading is usually set high and forces the gas f low controller to deliver at high slow rates. 
Furthermore, FF is set high while K fl0Wi FB is set low. This allows the total_fresh-gas_f low to be set independently 
of the agent concentration error. As previously described, the vaporizer controller 82 is called upon to quickly minimize 
the agent concentration error using an active negative feedback control 106 to the vaporizer concentration delivery. 
[0044] In concentration priority mode the feedforward loading with flow reduction computation block 120 adjusts the 

35 flow to provide agent based on anticipated need as follows: 



F f low, Feedforward- loading " K ffl> 

prev _ F flow,Feedfqrward.-loa<Jing' + K ffl * 
^ Minute_Volume * (Set_inspirea_conc- 



RecirculaCed_agent_conc_est ) 7Delayed_ 
agent _conc [51 



45 where is a constant gain typically 0.1 Therefore, as the difference between the set inspired concentration and the 
recirculated agent concentration estimate is minimized, the F fl0W( Feedforward-loading component of the total fresh gas flow 
is reduced. 

[0045] In the concentration priority mode, the total fresh gas flow controller 84 is called upon to quickly minimize the 
agent concentration error using an active negative feedback control 1 14 of the gas flow controller. The flow feedback 
so component, f floW( feedback 0. dominates when K floW( FF is set low or to zero while FB is set high. The negative feed- 
back is computed in a few steps. The total fresh gas flow controller 84, Fig. 4, first computes the agent volume error 
116, which is the quantity of agent needed to bring the measured concentration to the desired setting. The following 
equation computes the agent volume error 116 given the agent concentration error from Equation [3] and the minute 
volume from the sensors: 

55 
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Agent_voluTue_error«E b reath 

{Agent_concentratton_ error *Minute_volume} [6] 

5 

where breath is ^ e summation over a breath period. The expected mean agent concentration, Meanjg-conc, that 
leaves the fresh gas pipeline and is available to be added to the breathing circuit in the next breath period and is given 
by: 

10 

Mean_fg_conc-£ brecLth {Fresh gas_agent 

conc_est+ Current_fgf } / £b rea th 
Xcurrent_fgf } ^ [7 j 

15 

where Fresh jgas_agent_conc_est is the computed output of the fresh gas agent concentration delay estimator block 
88, Fig. 2, that predicts the agent concentration in the fresh gas pipeline, and Current_fgf is the current total fresh gas 
flow rate. This equation assumes that the fresh gas agent concentration is fixed or at least slowly changing as com- 
20 pared to the rate of change of the agent volume error. This assumption is generally valid because of the design of the 
concentration priority mode, where the vaporizer concentration is fixed or adjusted slowly and independently of the 
agent concentration error. 

[0046] As mentioned earlier, changes in the total fresh gas flow rate alter the quantity of agent delivered to the patient 
from the fresh gas pipeline. Consequently, the agent concentration error can be indirectly but quickly minimized by 
25 charging fresh gas flow. The amount of the f taw change, Fgf_change, is obtained using the following equation: 



Fgf_change-Agent_volume_error/Mean_fg_conc [8] 

30 

[0047] The Fgf_change can be formulated as a negative feedback control loop. Again, a commonly used control 
method is the Proportional- Integral- Derivative algorithm. 

[0048] The following detailed description of the control priority section 93, which includes the control priority selector 
35 and flow reduction logic/profiler 94, the control priority gain modifier computation 96, and the feedforward loading and 
flow reduction computation 98, are all additional control logic required to implement the concentration priority control. 
[0049] The control priority selector and flow reduction logic/profiler 94 uses outputs from the user desired inspired 
agent concentration setting 78, the recirculated agent concentration estimator 90, the circuit agent sensor 42, and the 
total fresh gas flow controller 84, to switch, or select, the control priority modes. The output from the control priority 
40 selector 94 signals the control priority gain modifier 96 to update the feedforward and feedback weighting gains in the 
vaporizer controller 82 and the total fresh gas flow controller 84. Block 94 also determines the direction of, and the pro- 
files that drive, the changes of the fresh gas flow rate. The profiles for the rate of flow change are stored in block 94. As 
will be shown, the profiles may be expressed in the rate of flow or in vaporizer changes. A simple schedule may be a 
linear reduction from the current flow value to the minimum flow threshold. The feedforward loading block 98 uses the 

45 flow profiles tO Compute the feedforward values F vap( Feedforward-loading and F flow, Feedforward-loading- 

[0050] The feedforward loading and flow reduction computation 98 will now be described. In the flow priority mode, a 
signal is sent to the feedforward loading and flow reduction computation block 98 to compute the appropriate total feed- 
forward flow rates, F fi0Wi Feedforward-loading to be delivered by the gas flow controller. This computation sets a fresh gas 
flow rate that is sufficient for the vaporizer feedback control, F vap FB , to achieve the user desired inspired agent concen- 
so tration setting. Inputs to block 98 include the current fresh gas flow rate, minute volume, recirculated agent concentra- 
tion estimate set inspired concentration and the flow reduction profile. 

[0051] Since a goal of the electronic anesthesia delivery system is to reduce the total drug usage, typically, lowering 
the total fresh gas flow will achieve this objective. In the flow priority mode, the optimal flow is achieved directly by pro- 
gressively commanding lower total fresh gas flow rates. The total flow rate can then be lowered as long as there is suf- 
55 f icient fresh gas to replenish the breathing circuit volume, and to supply 0 2 and agent to meet the inspired concentration 
setting. This minimum flow rate threshold is processed by the minimum fresh gas flow block 80. The rate of flow reduc- 
tion is provided by the flow reduction logic/profiler block 94. As long as the flow rate exceeds the minimum flow thresh- 
old, the total fresh gas flow can be set independent of the control loop thereby virtually eliminating the agent 
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concentration error. 

[0052] In the concentration priority mode, a signal is sent to the feedforward loading and flow reduction computation 
block 98 to compute the appropriate vapor concentration to be delivered by the electronic vaporizer, F vaPi 
FoaJtowardjoading- T* 16 purpose of this computation is to ensure that there is suff icierrt quantity of agent in the fresh gas 
5 pipeline for the total fresh gas feedback control, F flow in order to achieve the user desired inspired concentration set- 
ting 78 (Setjnspired_conc.). 

[0053] Reduction of the total fresh gas flow rate in the concentration priority mode is indirect and is achieved by 
changing the vaporizer setting in the direction that forces the total fresh gas flow to be reduced in magnitude while main- 
taining the Set_inspired_conc. As an example, where the return gas is at a lower concentration than the set inspired 
w agent concentration, an increase in the vaporizer delivery forces the fresh gas flow rate to decrease in order to maintain 
the same inspired agent concentration. To compute the rate of change of the vaporizer setting, the flow reduction com- 
putation block first computes the agent volume need to meet the Set_inspired_conc: 



15 Agent_volume_need =Ev )rea - h 

{Set_inspired_conc*Minute_ [9] 
volume - Reclrculated_agerit conc_est 
* (Minute_volume-Current_fgf]~} 

20 

where Current Jgf is the current fresh gas flow rate and the Recirculated_agent_conc_est is the output of the recircu- 
lated agent concentration estimator 90. A target for the vaporizer setting (Target_vaporizer_setting) is the anticipated 
vaporizer setting that provides sufficient vapor concentration in the fresh gas line at the minimum fresh gas flow thresh- 
old (Minimumjgf) to maintain the Set_inspired_conc. Mathematically: 

25 

Target: jvapori2er_setting= 

Ager.t_volume_need/Minimum_f gf [10] 

30 

[0054] Physical constraint of the vaporizer further limits the Target_vaporizer_setting. The F^ Feedforward joading is 
updated by interpolating between the current vaporizer setting and the Target_vaporizer_setting along the flow reduc- 
tion profiles. In this case, the flow reduction profiles are expressed as a rate of change of the vaporizer concentration 
35 setting, and are stored and processed in the flow reduction logic/profiler block 94, then computed in the flow reduction 
computation block 98. 

[0055] The control priority gain modifier computation 96 varies the feedforward and feedback control gains to the 
vaporizer controller 82 and the total fresh gas flow controller 84 (K^ FP FB , FP and FB ), and forces one 
controller to be very sensitive and the other very insensitive to the agent concentration enor. The less active controller 
40 accounts for the actuation of the priority mode variable while the more active controller rapidly removes the agent con- 
centration error. 

[0056] The gain values may depend on the open-loop characteristics of the anesthesia system. For example, the 
vaporizer controller gain (K^ FB ), varies with the total fresh gas flow rate as indicated in the normalized vaporizer con- 
trol gain schedule plot of Fig. 10. Regardless of the priority mode, it is desirable that the less active controller retains 
45 some weak feedback control effort to provide the independent controller with a slow adaptation to actuator errors, such 
as vaporizer concentration or gas mixer delivery errors. 

[0057] Typically, the flow priority control mode is activated at high flow rates, for example at flow rates greater than 4 
L/Min, or greater than 70% of minute volume, or when the flow is fixed. In this mode, the independent priority controlled 
variable is the total fresh gas flow rate and the dependent controlled variable is the vaporizer concentration setting. The 

so total fresh gas flow rate is determined independently of the agent concentration error. The flow rate is set to rapidly 
achieve a new user set inspired concentration, or lowered when the agent concentration error is small and yet there is 
sufficient flow for the vaporizer controller 82 to maintain rapid feedback control. The vaporizer controller 82 is made very 
sensitive to the agent concentration error Along with high fresh gas flow rates and small transport delay times, the 
anesthesia delivery system of the present invention rapidly tracks the user defined inspired concentration. 

55 [0058] The concentration priority control mode is typically activated at low flow rates, for example, at flow rates less 
than 3L7Min or less than 70% of minute volume. In this mode, the independent priority controlled variable is the vapor- 
izer concentration setting and the dependent controlled variable is the fresh gas flow rate. The vaporizer delivery is 
adjusted independently of the inspired agent concentration error. The highest tolerable concentration is loaded. The 
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loading takes into account rapid achievement of SetJnspired_conc at the lowest flow rate, or reduction of fresh gas flow 
rate after the inspired agent concentration is achieved, for example say withing 10% of setting. The total fresh gas flow 
controller 84 is made very sensitive to the agent concentration error. Feedback control of the total fresh gas flaw rate 
enables the anesthesia delivery system of the present invention to track the Setjnspired_conc without transport 
5 delays. 

[0059] Control priority modes are changed in several clinical situations. Switching conditions are derived from the user 
setting, total fresh gas flow rates, agent concentration in the fresh gas pipeline, minute volume, and agent volume need. 
Non-exhaustive examples of conditions that may switch the control priority from the concentration priority mode to the 
flow priority mode, include when the gas concentration in the fresh gas pipeline cannot adequately or quickly meet the 
to user set concentration. For example, when: 

0 the user commands a large concentration setting change at low flows; 

0 the user commands concentration that switches between wash in and wash out of patient gases; or 
0 a large gas concentration disturbance is recirculated from the C0 2 absorber. 

15 

[0060] Another example would be when the clinical demand to switch from a low to high fresh gas flow rate is desired, 
for example, during induction. 

[0061] Examples of conditions desirable to switch from the flow priority mode to the concentration priority mode, 
include when there is a sluggish concentration control because of low flow operation. For example, when: 

20 

0 the fresh gas flow is sufficiently reduced from the start of the flow priority mode, or 
0 there is a clinical demand to switch from a high to low fresh gas flow rate. 

[0062] Referring now to Fig. 5, the main algorithm 128 of the anesthesia delivery system control of the present inven- 
ts tion is shown in flow chart form. After initialization 130, the inputs are updated at 132 which includes measuring the 
agent concentration and minute volumes as determined by the circuit agent sensor and the minute volume sensor. 
Additionally, the user inspired agent concentration setting and the minimum fresh gas target are acquired. Once the 
inputs are updated, the estimators are updated at 134, which includes estimating the delivered agent and the return 
concentration from the fresh gas agent delay estimator and the recirculated agent concentration estimator. Thereafter, 
30 the priority mode is determined at 1 36 via the control priority selector to compute the agent volume need, as accumu- 
lated over a breath cycle, to determine the difference between the set and the measured concentrations. Additionally, 
a determination is made as to whether the agent volume need can be maintained by the current control priority, and if 
not, the control priority is switched as necessary. Next, the flow profile is determined and the concentration feedforward 
is computed at 138 in the flow reduction logic/profiler to determine if the agent volume need can be maintained by the 
35 direction of flow changes, and the direction of flow changes is switched if necessary. If flow can be reduced, the flow 
reduction profile is computed. The concentration feedforward is determined in the feedforward loading and flow reduc- 
tion computation to compute the independent the feedfoward value using the flow reduction profile provided by the flow 
reduction logic/profiler output. Thereafter, the feedback gains are determined at 140 by the control priority gain modifier 
to compute controller gains based on priority modes and fresh gas flow rates. Next, the vaporizer controller is executed 
40 at 1 42 and the controlled variables are updated. Lastly, the total fresh gas flow controller is executed at 1 44 and the sys- 
tem can return 146 to again update the inputs at 132. 

[0063] Fig. 6 shows an expanded flow chart for updating the inputs 132. As previously described, after this subroutine 
is initiated at 148. the inspiratory agent concentration is measured at 150 and the minute volume is acquired at 152, at 
which time a subroutine returns 154 to the main algorithm. 
45 [0064] Fig. 7 shows the estimator subroutine 134. Once initialized 156. the fresh gas mixing characteristic behavior 
is retrieved at 158 and the agent concentration at the fresh gas outlet is estimated at 160. The recirculated agent con- 
centration as a function of the delivered fresh gas agent can thee be computed at 1 62, along with measuring the inspir- 
atory agent, the total fresh gas flow, and the minute volume. Once the estimations are acquired, subroutine 1 34 returns 
164 to the main algorithm 128. 

so [0065] The next subroutine is to determine the priority mode 136 as shown in Fig. 8. Once initialized 166, a determi- 
nation is made as to whether the fresh gas flow is fixed or set high at 168. If either is true 170 the priority mode is set 
to flow priority at 172 and the subroutine is allowed to exit and return 174 to the main algorithm 128. If, on the other 
hand, the fresh gas flow is neither fixed nor set high 1 76, the fresh gas flow is checked to see if it is low enough for entry 
into the concentration priority at 1 78, and if so, 1 80, the priority mode is set to concentration priority 1 82 and the priority 

55 mode determination subroutine 1 36 returns 1 74 to the main algorithm 1 28. However, if the fresh gas flow is neither fixed 
nor set high 1 76, but is not low enough to enter the concentration priority mode 1 84, the fresh gas flow is set to 90% of 
the previous value at 186 and the priority mode is set to flow priority control mode 172, whereafter the priority mode 
determination subroutine 136 is allowed to return 174 to the main algorithm 128. 
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loading takes into account rapid achievement of Set_jnspired_conc at the lowest flow rate, or reduction of fresh gas flow 
rate after the inspired agent concentration is achieved, for example say withing 10% of setting. The total fresh gas flow 
controller 84 is made very sensitive to the agent concentration error. Feedback control of the total fresh gas flaw rate 
enables the anesthesia delivery system of the present invention to track the Set_inspired_conc without transport 
5 delays. 

[0059], Control priority modes are changed in several clinical situations. Switching conditions are derived from the user 
setting, total fresh gas flow rates, agent concentration in the fresh gas pipeline, minute volume, and agent volume need. 
Non-exhaustive examples of conditions that may switch the control priority from the concentration priority mode to the 
flow priority mode, include when the gas concentration in the fresh gas pipeline cannot adequately or quickly meet the 
io user set concentration. For example, when: 

0 the user commands a large concentration setting change at low flows; 

0 the user commands concentration that switches between wash in and wash out of patient gases; or 
0 a large gas concentration disturbance is recirculated from the C0 2 absorber. 

15 

[0060] Another example would be when the clinical demand to switch from a low to high fresh gas flow rate is desired, 
for example, during induction. 

[0061] Examples of conditions desirable to switch from the flow priority mode to the concentration priority mode, 
include when there is a sluggish concentration control because of low flow operation. For example, when: 

20 

0 the fresh gas flow is sufficiently reduced from the start of the flow priority mode, or 
0 there is a clinical demand to switch from a high to low fresh gas flow rate. 

[0062] Referring now to Fig. 5, the main algorithm 1 28 of the anesthesia delivery system oontrol of the present inven- 

25 tion is shown in flow chart form. After initialization 130, the inputs are updated at 132 which includes measuring the 
agent concentration and minute volumes as determined by the circuit agent sensor and the minute volume sensor. 
Additionally, the user inspired agent concentration setting and the minimum fresh gas target are acquired. Once the 
inputs are updated, the estimators are updated at 134, which includes estimating the delivered agent and the return 
concentration from the fresh gas agent delay estimator and the recirculated agent concentration estimator. Thereafter, 

30 the priority mode is determined at 136 via the control priority selector to compute the agent volume need, as accumu- 
lated over a breath cycle, to determine the difference between the set and the measured concentrations. Additionally, 
a determination is made as to whether the agent volume need can be maintained by the current control priority, and if 
not, the control priority is switched as necessary. Next, the flow profile is determined and the concentration feedforward 
is computed at 138 in the flow reduction logic/profiler to determine if the agent volume need can be maintained by the 

35 direction of flow changes, and the direction of flow changes is switched if necessary. If flow can be reduced, the flow 
reduction profile is computed. The concentration feedforward is determined in the feedforward loading and flow reduc- 
tion computation to compute the independent the feedfoward value using the flow reduction profile provided by the flow 
reduction logic/profiler output. Thereafter, the feedback gains are determined at 1 40 by the control priority gain modifier 
to compute controller gains based on priority modes and fresh gas flow rates. Next, the vaporizer controller is executed 

40 at 142 and the controlled variables are updated. Lastly, the total fresh gas flow controller is executed at 144 and the sys- 
tem can return 1 46 to again update the inputs at 132. 

[0063] Fig. 6 shows an expanded flow chart for updating the inputs 1 32. As previously described, after this subroutine 
is initiated at 148, the inspiratory agent concentration is measured at 150 and the minute volume is acquired at 152, at 
which time a subroutine returns 154 to the main algorithm. 
45 [0064] Fig. 7 shows the estimator subroutine 134. Once initialized 156, the fresh gas mixing characteristic behavior 
is retrieved at 158 and the agent concentration at the fresh gas outlet is estimated at 160. The recirculated agent con- 
centration as a function of the delivered fresh gas agent can thee be computed at 162, along with measuring the inspir- 
atory agent, the total fresh gas flow, and the minute volume. Once the estimations are acquired, subroutine 1 34 returns 
164 to the main algorithm 128. 

so [0065] The next subroutine is to determine the priority mode 136 as shown in Fig. 8. Once initialized 166, a determi- 
nation is made as to whether the fresh gas flow is fixed or set high at 168. If either is true 1 70 the priority mode is set 
to flow priority at 172 and the subroutine is allowed to exit and return 174 to the main algorithm 128. If, on the other 
hand, the fresh gas flow is neither fixed nor set high 1 76, the fresh gas flow is checked to see if it is low enough for entry 
into the concentration priority at 1 78, and if so. 1 80, the priority mode is set to concentration priority 182 and the priority 

55 mode determination subroutine 1 36 returns 1 74 to the main algorithm 1 28. However, if the fresh gas flow is neither fixed 
nor set high 176, but is not low enough to enter the concentration priority mode 184, the fresh gas flow is set to 90% of 
the previous value at 186 and the priority mode is set to flow priority control mode 172, whereafter the priority mode 
determination subroutine 136 is allowed to return 174 to the main algorithm 128. 
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[0066] Once back at the main subroutine 128. after the look up flow profile and compute concentration feedforward 
routine 138 is complete, the feedback gains determination subroutine 140 is initiated at 188 as shown in Fig. 9. If con- 
centration priority control is activated 190, 192. the vaporizer feedforward gain is sat high at 194 and the gain for the 
vaporizer PID is set low at 196. The total fresh gas flow feedforward gain is set low at 198 and the total fresh gas feed- 

5 back gain is set high at 200, after which the feedback gains subroutine is complete and returns 202 to the main algo- 
rithm 128. However, if after initiating the feedback gains subroutine 140, the concentration priority control is not active 
1 90, 204, then the vaporizer feedforward gain is set low at 206, the vaporizer PID gain is set high at 208, the total fresh 
gas flow feedforward gain is set high at 210, and the total fresh flow feedback gain is set low at 212, after which the 
subroutine returns 202 to the main algorithm 1 28 to complete the execution of the vaporizer controller 1 42 and the total 

10 fresh gas flow controller 1 44. 

[0067] Figs. 1 0 and 1 1 show exemplary graphs for setting the control gains. The determination of the gains has been 
previously described, however, Figs. 10 and 1 1 provide a quantitative schedules for the gains. The data in each of the 
graphs is determined a priori. Fig. 10 is a normalized feedforward and feedback vaporizer control gains schedule for 
operating in various control priority modes. The feedforward gain schedule, K vap> FF is shown high 220 where the target 
is total fresh gas flow rate is low, and low 222 for target total fresh gas flow rates above approximately 4UMin. For the 
vaporizer control feedback gain, FB , when in the concentration priority mode 214, the feedback gain is low 224, 
and increases across the mode transition 218 and then increases less drastically 226 through the flow priority mode 
216. 

[0068] Fig. 1 1 shows the normalized feedforward and feedback gains for the total fresh gas flow control operating in 
20 various control priority modes. The feedback gain, FB is high 228 while in the concentration priority mode 214 for 

low fresh gas flow rates and low 230 for fresh gas flow rates above approximately 4L/Min. The feedforward gain, 

fr >s conversely low 232 in the concentration priority mode 214 and high 234 in the flow priority mode 216. As shown,' 

each of the gains adjust dramatically during a mode transition 236, at approximately 4L/Min. 

[0069] It is contemplated that the control, although preferably disclosed in terms of a programmed micro-processor, 
25 can be alternatively implemented with discrete control logic. The present invention has been described in terns of the 

preferred embodiment, and it is recognized that equivalents, alternatives, and modifications, aside from those expressly 

stated, are possible and within the scope of the appending claims. 

Claims 

30 

1 . A medical anesthesia delivery system for administering respiration and anesthesia to a patient comprising: 

a gas supply including a gas flow controller to provide fresh breathing gas comprised of a plurality of compo- 
nent gases; 

35 an anesthetic agent supply including an agent vaporizer in fluid communication with the gas supply to provide 

anesthetic agent into the fresh breathing gas; 

a breathing circuit having a portion comprised substantially of inelastic components such that a volume dis- 
placement at a supply end will cause rapid volume displacement at a patient end, the supply end in communi- 
cation with the gas supply and the anesthetic agent supply to deliver a mixture of fresh breathing gas and 
40 anesthetic agent to a patient at the patient end of the breathing circuit; 

at least one sensor connected in the breathing circuit to monitor at least one parameter of a circuit breathing 
gas and anesthetic agent mixture; 

a system control connected to the gas flow controller and agent vaporizer, and receiving signals from the at 
least one sensor indicative of the at least one parameter of the circuit breathing gas and anesthetic agent, the 
45 control system having active feedback and feedforward control loops to create control signals capable of rap- 

idly changing fresh breathing gas and anesthetic agent mixture flow rate, and thus change anesthetic agent 
volume delivered to the patient end of the breathing circuit by creating and sending gain weighted control sig- 
nals to the gas flow controller and the agent vaporizer to change flow race at the supply end of the breathing 
circuit. 

50 

2. The system of claim 1 wherein the breathing circuit further comprises a re-breathing section for circulating at least 
a portion of the fresh breathing gas and anesthetic agent mixture through the breathing circuit. 

3. TTie system of claim 1 or 2 wherein the system control regulates agent concentration at a first flow rate by adjusting 
55 the flow rate at the gas flow controller to a second flow rate, and thereafter, adjusting the agent concentration at the 

agent vaporizer, and then returning to a low flow rate. 

4. The system of any of claims 1 to 3 wherein the at least one sensor further comprises a sensor to retrieve an agent 
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concentration from the breathing circuit and a sensor to retrieve a minute volume from the breathing circuit, each 
being a parameter of the circuit breathing gas and anesthetic agent mixture. 

5. The system of any of claims 1 to 4 wherein the control selectively switches between two operating modes based 
5 on at least one parameter of the circuit breathing gas and anesthetic agent mixture, wherein one operating mode 
provides control priority to agent concentration by changing a total fresh gas flow rate to achieve a desired inspira- 
tory concentration setting, and another operating mode provides control priority to flow rate by changing agent con- 
centration to achieve the desired inspiratory concentration setting. 

w 6. The system of claim 5 further comprising a user interface input connected to the processor to receive user desired 
delivery parameters, one of which is the desired inspired agent concentration setting to determine the minimum 
fresh gas flow rate. 

7. The system of claim 5 or 6 wherein the flow priority control mode is activated at flow rates higher than approxi- 
15 mateiy 3 L/min., and the concentration priority control mode is activated at flow rates less than 4 L/min. 

8. The system of any of claims 2 to 7 wherein the system control comprises an agent concentration computational 
module to estimate agent concentrations into the breathing circuit to the patient and in the re-breathing section, and 
a control priority section to select one of two priority control modes and set feedforward and feedback control prior- 

20 "rty gains. 

9. The system of claim 8 wherein the agent concentration computational module comprises: 

a fresh gas mixing characterization that is determined a priori based on the configuration of the anesthesia 
25 delivery system; and 

a fresh gas agent concentration delay estimator to predict an instantaneous agent concentration transported 
through the breathing circuit. 

10. The system of claim 9 wherein the agent concentration computational module further comprises a re-circulated 
30 agent Concentration estimator to estimate an amount of anesthetic agent re-circulated in the breathing circuit 

through the re-breathing section based on inputs received from the fresh gas concentration delay estimator, the 
sensor, and a previous value for the gas flow controller. 

11. The system of any of claims 8 to 10 wherein the system control comprises an agent concentration computational 
35 module to estimate agent concentrations into the breathing circuit to the patient and in the re-breathing section, and 

a control priority section to select one of two priority control modes and set feedforward and feedback control prior- 
ity gains. 

1 2. The system of claim 1 1 wherein the control priority section further comprised a control priority gain modifier to com- 
40 pute and update feedforward and feedback weighting gains to control the agent vaporizer and the gas flow control- 
ler based on the selected control priority mode. 

13. The system of claim 1 1 or 12 wherein the control priority section further comprises a feedforward loading and flow 
reduction module to determine feedforward flow rates sufficient for vaporizer feedback control to achieve a desired 

45 inspired agent concentration setting based on a current fresh breathing gas flow rate, a minute volume in the 
breathing circuit, and a re-circulated agent concentration estimate in the re-breathing section as determined by the 
agent concentration computational module. 

14. A method of controlling an anesthesia delivery system comprising the steps of: 

50 

providing fresh breathing gases from a gas supply to a breathing circuit; 

providing an anesthesia agent into the fresh breathing gases in the breathing circuit for delivery as a mixture 
to a patient; 

sensing at least one parameter of the mixture in the breathing circuit; 
55 predicting a second parameter of the mixture indicative of a quality of the mixture as the mixture is about to 

enter the patient; and 

controlling a flow rate of the mixture as the mixture travels through the breathing circuit to the patient so that 
the patient receives a desired amount of anesthesia agent based primarily on the controlled flow rate. 
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15. The method of claim 14 further comprising the steps of: 

measuring anesthetic agent concentration and minute volume of the mixture in the breathing circuit; 
estimating anesthetic agent concentration near the patient and estimating re-circulated anesthetic agent con- 
centration as a function of delivered fresh anesthetic agent; and 
computing each of an amount of anesthetic agent inspired and a total fresh gas flow. 

1 6. The system of claim 1 4 or 1 5 further comprising the steps of: 

determining one of at least two control priority modes of operation by first determining a fresh gas flow rate, 
and if the fresh gas flow rate is fixed or set above a given parameter, entering a flow priority mode, and if the 
fresh gag flow rate is below a given parameter, entering a concentration priority mode; 
acquiring a flow profile based on the control priority mode determined and computing a concentration feedfor- 
ward gain; and 

determining feedback gains to effect the control priority mode selected. 

17. The method of claim 16 wherein the step of determining feedback gains further comprises the step of creating a 
normalized gain schedule for operation of the anesthesia delivery system under a number of different operating 
conditions. 

18. The system of claim 16 or 17 wherein the step of determining feedback gains further comprises the steps of: 

setting a vaporizer feedforward gain high and a vaporizer feedback gain low while in a concentration priority 
mode; 

setting a flow feedback gain high and a flow feedforward gain low while in a concentration priority mode; 
setting a vaporizer feedforward gain low and ramping a vaporizer feedback gain upward in a flow priority mode; 
and 

setting a flow feedback gain low and a flow feedforward gain high in a flow priority mode. 

19. A control system for an anesthesia delivery system comprising: 

a user interface to input desired anesthesia agent parameters to the control system; 
a sensor located in a delivery system to measure characteristics of the anesthesia agent and breathing gases; 
an agent concentration computational module to estimate agent concentrations into a breathing circuit to the 
patient and to estimate agent concentration in a re-breathing section of the breathing circuit; and 
a control priority module section receiving input from the agent concentration computational module, the sen- 
sor, and the user interface to select one of two priority control modes and set feedforward and feedback control 
priority gains such that during low-flow allowable conditions, the control system can deliver rapid changes in 
agent volume to the patient by rapidly changing the rate of flow, while allowing direct intervention of agent con- 
centration during high-flow conditions. 

20. The control system of claim 19 wherein the agent concentration computational module comprises: 

a fresh gas mixing characterization that is determined a priori based on the configuration of the anesthesia 
delivery system; and 

a fresh gas agent concentration delay estimator to predict an instantaneous agent concentration transported 
through the breathing circuit. 

21. The control system of claim 20 wherein the agent concentration computational module further Comprises a re-cir- 
culated agent concentration estimator to estimate an amount of anesthetic agent re-circulated in the breathing cir- 
cuit through the re-breathing section based on inputs received from the fresh gas concentration delay estimator, the 
sensor, and a previous value for the gas flow controller. 

22. The control system of any of claims 19 to 21 wherein the control priority module section comprises a control priority 
selector and flow reduction logic/profiler receiving input from the agent concentration computational module, the 
sensor, a desired inspired agent concentration setting, and a previous value for the gas flow controller to select and 
switch to a desired control priority mode. 
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23. The control system of claim 22 wherein the control priority module section further comprises a control priority gain 
modif ier to compute and update feedforward and feedback weighting gains to control an agent vaporizer and a gas 
flow controller based on a selected control priority mode. 

5 24. The system of any of claims 21 to 23 wherein the control priority module section further comprises a feedforward 
loading and flow reduction module to determine feedforward flow rates sufficient for vaporizer feedback control to 
achieve a desired inspired agent concentration setting based on a current fresh breathing gas flow rate, a minute 
volume in the breathing circuit and a re-circulated agent concentration estimate in the re-breathing section as 
determined by the agent concentration computational module. 
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